The effectiveness of nanoparticle-based functional devices depends strongly on the surface morphology and area of the support. An emerging powerful approach of increasing the available surface area without decreasing strength or increasing bulk is to attach arrays of suitable nanotubes on the surface, and to attach the necessary nanoparticles to them. Earlier publications by this team have shown that carpet-like arrays of carbon nanotubes (CNT) can be successfully grown on a variety of larger carbon substrates such as graphite, foams and fabric, which offer hierarchical multiscale supporting architecture suitable for the attachment of silver nanoparticles (AgNPs). A limiting factor of pure CNT arrays in fluid-based applications is their hydrophobicity, which can reduce the percolation of an aqueous medium through individual nanotubes. Previous studies have demonstrated that the treatment of CNT carpets with dry (oxygen) plasma can induce reversible wettability, and treatment with wet (sol-gel) coating can impart permanent wettability. In this paper, we report the influence of such treatments on the attachment of AgNPs, and their effectiveness in water disinfection treatments. Both types of hydrophilic surface treatments show an increase in silver loading on the CNT carpets. Oxygenplasma treated surfaces (O-CNTs) show fine and densely packed AgNP, whereas silica-coated nanotubes (silica-CNTs) show uneven clusters of AgNPs. However, O-CNT surfaces lose their hydrophilicity during AgNP deposition, whereas silica-CNT surfaces remain hydrophilic. This difference significantly impacts the antibacterial effectiveness of these materials, as tested in simulated water containing Gram negative Escherichia coli (E. coli, JM109). AgNPs on silicacoated CNT substrates showed significantly higher reduction rates of E. coli compared to AgNPs on plasma-treated CNT substrates, despite the finer and better dispersed AgNP distribution in the latter. These results provide important insights into different aspects of surface modification approaches that can control the wettability of CNT carpets, and their applicability in water treatment applications.
Introduction
Nanoparticles (NPs)
Q1
of noble metals such as silver offer several promising applications such as chemical-free disinfection devices, plasmonic sensors, and catalysts [1, 2] . The performance and targeted functionality of nanomaterialenhanced solid devices can depend heavily on the properties of the support and available surface area. Mukhopadhyay et al have developed an approach of attaching carpet-like arrays of carbon nanotubes (CNTs) onto porous carbon supports that results in ultra-high specific surface area (SSA) hierarchical substrates [3] suitable for supporting functional NPs. CNTs offer several advantages as NP supports and several earlier studies have discussed the influence of the physical and chemical nature of various support structures on advanced applications [4] . The CNT-enhanced substrates reported by our group have proved to be useful for several applications such as nanocomposite formation [5] , surface adsorption [6] , cell scaffolding [7] , thermal management materials [8] in addition to support for metallic NPs [9] [10] [11] .
However, an inherent property of pure, defect-free CNT arrays is that they tend to be super-hydrophobic due to the non-polar nature of pure graphene surfaces. This may be a limiting factor for both NP attachment using polar solvents and also for applications where the device needs to interact with water or other polar fluids. In such situations, fluid will not percolate well into the depths of the CNT carpet, hence making the 'effective surface area' of the device significantly lower than the actual surface area. Such devices will benefit if the nanotubes in the carpet are functionalized to be hydrophilic.
The surface functionalization of isolated nanotubes has been studied by many investigators with the idea of increasing their dispersion in solvents or polymer resins [12] [13] [14] [15] , and to promote NP growth [16] [17] [18] . Some studies have focused on modifying CNT arrays attached to flat model electronic substrates such as silicon [19, 20] . Common functionalization techniques involve CNT growth or treatment under a mild oxidizing environment or exposure to acids, organic groups or other liquid agents. Dry functionalization approaches include thermal or plasma treatments [19] , carbon dioxide, UV/ozone radiation [14] , or exposure to air/water mixed vapors at high temperatures [15] . When CNTs were grown under an oxygenrich environment, the CNT surface was enriched with hydroxyl groups which acted as activation sites for subsequent silver nanoparticle (AgNP) growth [16] . Similar observations were made [17, 18] when CNT carpets were treated under dry and/or wet oxidizing chemistries prior to AgNP growth. Similarly, non-oxidative methods such as grafting certain polymeric groups [21] [22] [23] were also seen to increase the AgNP growth and subsequent antibacterial activity. The success of wettability alteration and durability resulting from each method should depend on interatomic bonds created between the graphitic nanotubes and surface functional groups, but is not clearly addressed in all cases. For instance, it was indicated that some oxidative functionalization methods lead to dynamic wettability [24] , but the wettability of polymer-functionalized CNT used for AgNP growth was not clear [21] [22] [23] .
Our group has investigated the surface modification of CNT carpets on both flat and porous carbon substrates. It was reported earlier [25] that short-term exposure to microwave plasma can impart reversible hydrophilic properties on the surface that can be easily reversed by heating. In fact, the contact angles (CAs) could be cycled between 165±2°to less than 10°degrees by repeated cycles of plasma treatment and air annealing. On the other hand, permanent surface hydrophilic behavior could be imparted to these CNT carpets by coating them with an inorganic silica layer using a modified sol-gel method [25] . The latter method resulted in a permanent decrease in the CA from 160 to 35°.
In this paper, we report the influence of these surface modification processes on the growth and anti-bacterial behavior of AgNPs attached to CNT-coated surfaces. AgNPs are deposited by the in situ reduction of silver salts using suitable reducing and capping agents. This process involves treatment of the surface with water-based precursors. It is therefore expected that the enhanced wettability of the CNTs induced by surface treatments in this study should influence how precursors percolate through the CNT carpets, and affect the overall AgNP growth. In this study, we have compared untreated CNT carpets with oxygen-plasma-treated and silicacoated carpets. The size distribution and overall loading densities of the AgNPs have been analyzed using high-resolution microstructures and image analysis. The wettability of the surfaces before and after AgNP growth has been monitored using CA measurements. Finally, the bacteria degradation rates of the AgNP-deposited structures have been compared. CNTs were grafted onto selected support structures using a two-step method discussed in earlier publications [3] . This involves plasma treatment to create a nanolayer of Si-O groups on the surface followed by chemical vapor deposition (CVD) using the floating catalyst technique.
Materials and methods
2.2.2. Surface modifications for wettability. Two surface modification techniques were investigated in this study. The first is dry plasma etching with oxygen gas, which involves short duration (5 s) exposure of CNT-attached substrates to oxygen microwave plasma. The second involves a sol-gel silica coating, created by dipping and drying the CNT-carpets in a silica precursor solution, followed by controlled heating. The details of both treatments have been reported in an earlier publication [25] . O 7 , MP bio; 99%). The overall process is discussed in an earlier publication [10] and involves two steps: AgNO 3 deposition from an aqueous solution followed by a reduction in the presence of a sodium citrate-DMSO solution [27] . The only change made in this study compared to earlier ones [10] is that here, the molarity AgNO 3 precursor solution was increased to 0.72 M compared to about 0.24 M in most reported studies.
Characterization methods
Microstructure and spectroscopic characterization of these materials at every step was performed using field emission scanning electron microscopy (FESEM), x-ray photoelectron spectroscopy (XPS), and x-ray diffraction (XRD).
Imaging and analysis
Detailed macro, micro and nanoscale structural analyses of CNT-grafted carbon structures were performed using FESEM (JEOL 7401F). Both secondary (SE) and backscattered (BE) imaging modes were used for structural analysis. The particle size distributions of the AgNPs were measured from the images using the Scandium imaging software.
Antibacterial performance test
3.2.1. Influent water preparation. E. coli, K12 derivative, was selected as a test microbe due to its role as an indicator of fecal contamination in water. E. coli culture was prepared using a standard method and discussed in earlier reports [1] . The concentration of prepared influent water (E. coli dispersed pure water) was 10 3 CFU ml −1 and used for testing. The antibacterial performance of the prepared In the case of the rotation mode, the sample was taped to the wall of a glass jar filled with 500 ml influent water. The jar was tumbled at a speed of 60 RPM for 40 min. 50 μl aliquots of the water sample were acquired at 0, 5, 10, 20, and 40 min and streaked on agar plates.
3.2.3. Antibacterial performance via filtration. In the case of the filtration test, influent water was passed through a cartridge fitted with the foam sample to be tested. A schematic representation of the experimental setup was shown in an earlier publication [1] . 50 μl aliquots of the water sample were acquired at the start and the end of each filtration step and streaked on three agar plates in order to measure the change in E. coli activity with each pass. The agar plates were incubated at 37°C for 20 h and the bacteria colonies were counted visually. The results are reported as a fraction of E. coli survival (colonies formed from the water sampled after the treatment over the initial E. coli load).
Results and discussion

Influence of CNT functionalization on AgNP distribution
For this study, CNT-HOPG was taken as the control substrate. This was functionalized by two techniques described earlier: (i) oxygen-plasma treatment (samples labeled as O-CNT-HOPG) and (ii) silica coating using a sol-gel method (samples labeled as silica-CNT-HOPG). AgNPs were deposited on three types of supports; CNT-HOPG, O-CNT-HOPG, and silica-CNT-HOPG, as discussed in section 2.2. Sample SEM images of the resulting AgNP distribution on various surfaces are shown in figure 1 and a statistical average over a large number of analysis spots is summarized in tables 1 and 2. The following key observations are noted:
(i) Overall elemental composition by EDS Overall elemental quantification was performed by energy dispersive spectroscopy (EDS) using @7 kV accelerating voltage from these samples. The results are tabulated in table 1. It must be noted here that EDS gives approximate percentage compositions averaged over the top of several microns of sample depth. Hence, for the hierarchical surfaces involving uneven morphology comprising tens of microns of CNT carpet, the absolute values of EDS data are not expected to be accurate. What is important to note is how the values in identical nanocarpet morphology change with each processing method. All samples show iron signal, remnants from the CVD process where iron nanoparticles (FeNP) catalyze CNT growth. These have been carefully measured and reported in an earlier study [11] , indicating that most of the FeNPs in clean CNT growth conditions are confined inside the nanotubes and in the deeper regions of the CNT carpet, and hence do not interfere with the functionality of the AgNPs. Silicon signal increases with sol-gel silica deposition, as expected. It must be noted that the oxygen content is seen to increase with both treatments and is significantly higher than that of surface-adsorbed adventitious oxygen expected in untreated samples exposed to air. The comparative EDS data indicate that, under identical deposition conditions, both surface functionalization methods increase surface oxygen, and also significantly increase the total uptake of silver on the CNT carpets. The silica-CNT-HOPG sample has the highest amount of total silver, followed by O-CNT-HOPG, both having more than twice the silver uptake of untreated CNT-HOPG.
(ii) Nanoparticle distribution NP distributions on the three samples were studied using size distribution analysis and areal density calculations. It was shown in our earlier report that the CNT-HOPG sample contained a small but detectable amount of metallic NPs of iron [11] even prior to AgNP deposition. However, in an aerial SEM image, these were reported to be a small fraction (less than one order of magnitude) of the total NPs and therefore have negligible influence on the current AgNP analysis. Moreover, these are inherent to the CVD process andexpected to be identical for all three samples, and hence do not interfere with any changes in AgNP distribution reported in this study. Multiple microstructures from each type of sample were analyzed to obtain a statistical analysis of particle size distribution, average particle size, and total particle density, tabulated in table 2. A histogram of particle size distribution from all three samples is shown in figure 2 . A summarized version of this observation is presented in figure 2(B) with NPs categorized into three discrete bins; less than 3 nm, 3 to 7 nm, and greater than 7 nm. In the case of AgNPs grown on CNT-HOPG, the percentages of particles falling into the aforementioned regions are 42.9, 45.9, and 11% respectively. On O-CNT-HOPG the corresponding percentages are 52, 45.8 and 2.1% respectively, indicating a noticeable preference for smaller NP size. This can be attributed to isolated nucleation sites resulting from oxygen-containing functional groups (C-O/ OH) attached on CNT confirmed by XPS data reported previously [16] . It is expected that such sites will immobilize the nucleating metal clusters, preventing their agglomeration into larger particles. Similar observations on isolated nanotubes were reported by other researchers [16] who concluded that oxygen-functionalized CNT stabilizes the NPs from agglomeration, resulting in finer particles compared to the NPs grown on pristine CNT.
Silica-CNT-HOPG surfaces show a completely different behavior. Here, size distribution does not follow any statistical distribution, and spreads across a wide range. The fraction of finer NPs (4 nm or less) is considerably lower than in the other two samples. Moreover, a significant percentage (approximately 12%) of AgNPs are larger than 20 nm, and many are clustered together to form localized AgNP patches. The clustering of NPs on the silica-CNT-HOPG surface may be due to a continuous hydrophilic layer on the nanotube surfaces that may hold a thicker layer of precursor components as a continuous coating, which makes it easier for them to agglomerate during reduction treatment and metal formation. In addition, the sol-gel film thicknesses on these high aspect ratio features are expected to be non-uniform, and local variations in precursor thickness can result in local changes in precursor adsorption and nucleation/growth conditions for NPs. The areal density of NPs (# of particles per area of base substrate (PPA)) can be estimated frommicrostructural analysis of the average NP count per unit length of nanotube and using the formula below. Here, (NP CNT ) is # of NPs per unit length of CNT, (L CNT ) is the average length of the CNT carpet, and (CNT A ) is the number of CNTs per unit area of the substrate. Previous studies of CNT carpet growth on the same grade of HOPG substrate under identical conditions [28] have reported that the best estimates for (L CNT ) and (CNT A ) using this deposition method are about 20 μm and 280 μm −2 , which match well with direct physical property measurements [6] .
In this study, detailed microstructural analysis was performed to get the best possible estimate for NP CNT , the number of NPs per unit length of CNT. This was performed on nanotubes whose lengths were fully within focus of the scanning electron images. That is, unlike counting all visible particles as was done for size-distribution analysis, this study counted only the particles that could be clearly verified as being attached to the nanotube in focus, as a fraction of the CNT length that was in focus. The statistical summary of these values, averaged over a large number of images, is summarized in table 2.
This analysis shows that NP CNT estimates of CNT-HOPG, O-CNT-HOPG and silica-AgNP-CNT-HOPG are 11.2±2 μm −1 , 31±7 μm −1 , and 8.6±3 μm −1 respectively. From this analysis, it is clear that plasma treatment of CNTs leads to finer nanoparticles having about three times higher linear density (NP per length of CNT) compared to untreated CNTs. On the other hand, silica coating, which clearly increases coarsening and cluster formation, lowers the numerical count of individual NPs. It is possible that in these latter samples, multiple NPs in a cluster are counted as one, which will lead to underestimation of NP CNT . It is also noted that these NPs are significantly larger in size, and have a wider distribution, which disallows statistical estimates. The areal density of the NPs (PPA) was calculated from substituting NP CNT , L CNT , and CNT A values in the above equation and are indicated in table 2.
(iν) Contact angle measurement
The CAs of water on these samples were measured before and after AgNP deposition using a standard labassembled goniometer as described in earlier studies [25] . Figure 3 shows sample images of a water droplet on samples after AgNP deposition, and results are tabulated in table 3. Prior to AgNP deposition, the CAs of the CNT carpets were measured to be 162.5±2°, <10°and 45±5°respectively, the same as reported in an earlier publication [25] . It is clear that an untreated CNT surface is super-hydrophobic, but becomes hydrophilic with both these treatments. However, after AgNP attachment, the CA changes differently in each case. The AgNP deposition step causes a slight decrease in the CAs for the CNT-HOPG and silica-CNT-HOPG samples, probably due to traces of residual impurities from the liquidphase precursors. However, the plasma-treated O-CNT sample (that was strongly hydrophilic prior to Ag deposition) showed a very significant increase in the CA after AgNP deposition, and became hydrophobic. This is an important observation, because the CA is an indication of surface morphology combined with chemical functional groups. Surface-functional bonds and related CA changes caused by oxygen plasma were reported earlier to be temporary and could be reversed by 110°C heat treatments [25] . This study indicates that even the process of AgNP deposition, which involves exposure to a precursor solution combined with very gentle heat treatment (60°C), can reverse the wettability of plasma-oxygen treated CNT carpet to a significant extent, if not fully. This property needs to be taken into consideration before this surface modification method is used for device development.
Antibacterial performance test
In order to test the antibacterial effectiveness, AgNP was attached to CNT carpets grown on RVC foam as described earlier. Figure 4 shows an image of a CNT carpet on RVC foam having 97% porosity. These structures offer several important advantages: The interconnected micro-sized pores of the RVC provide necessary structural integrity, strength, and flow channels for the fluid. The CNT carpets on RVC foam increases their surface area by 2-3 orders of magnitude and enable higher NP deposition densities.
Three porous materials having identical morphology, but different surface treatments (hence different wettability and AgNP distribution) were compared under identical testing conditions: CNT grown RVC foam (CNT-RVC not treated), plasma-oxygen treated CNT-RVC (O-CNT-RVC) and silicacoated CNT-RVC (silica-CNT-RVC). The antibacterial performance of each sample was tested in two modes as described previously.
In the rotation test, the fraction of E. coli that was deactivated by AgNP-CNT-RVC, O-CNT-RVC and silica-CNT-RVC in 40 min was about 71, 79 and 100% respectively ( figure 5(A) ). Despite the significantly higher (over 2.5 times or 250%) silver content and AgNP deposition density (tables 1 and 2), the bacterial deactivation rates of AgNP-O-CNT-RVC were very similar to the AgNP-CNT-RVC sample. In contrast, AgNP-silica-CNT-RVC, which has a higher overall silver but lower NP count, has complete deactivation of E. coli (100%) in a much shorter span of time (20 min; figure 5(A) ). This can clearly be attributed to the increased hydrophilic behavior of the sol-gel silica-coated sample that was retained even after silver deposition.
A very similar trend was seen in the filtration testing mode ( figure 5(B) ). NPs deposited on both CNT-RVC and O-CNT-RVC brought about a 76% decrease in the bacterial load in a total of three percolations, whereas AgNPs deposited on silica-CNT-RVC completely deactivated the bacterial load (100%) in only two percolations ( figure 5(B) ). Samples of E. coli cells grown on agar plates at different water collection time-points in the two test modes were shown in figures 6 and 7 respectively. Table 4 summarizes the E. coli deactivation rates observed.
Bactericidal properties of the AgNP depends on many factors such as size [29] , shape [30] total AgNP surface area available, and particle-cell contact [31] . It has been reported that the bactericidal effect increases with decreasing particle size [29] while the platelet-like NPs with a (111) lattice plane as the basal plane displayed the strongest biocidal action [31] demonstrated that the direct contact between the bacterial cell and AgNP enhanced the toxicity of the AgNP. From the AgNP distribution data shown in table 2, it is expected that the silver activity should be significantly higher for AgNP-O-CNT-RVC compared to that of AgNP-CNT (an almost threefold increase in areal density of AgNPs). Despite that, the increase in the bacteria degradation rate is small (only 9-11%). On the other hand, the AgNP-silica-CNT sample shows significantly higher rates of bacteria removal. This can be attributed to water infiltration through the CNT carpets. It must be noted that the surface wettability is highest for SSA AgNP-silica-CNT-RVC, followed by SSA AgNP-O-CNT-RVC and lowest for SSA AgNP-CNT-RVC as seen in figure 3 . This is the same order of bacteria removal rates. This indicates that the effectiveness of AgNP in bacterial degradation may depend significantly on the hydrophilicity of the nanotubes, which allows direct contact between the AgNP surfaces and microbes in water. This finding supports earlier publications [22] that point to the importance of Ag-bacteria physical contact in biocidal activity. The overall antibacterial efficiency of AgNP-silica-CNT-RVC far outperforms that of AgNP-O-CNT-RVC and AgNP-CNT-RVC. From these results, one can conclude that while improving the wettability of CNT carpets prior to NP functionalization can increase particle deposition density significantly, the antibacterial efficiency of the AgNP-containing solids will depend more significantly on the final wettability of the CNT carpets after final processing (deposition of AgNP in this case).
Summary
In this investigation, AgNPs were deposited on carbon nanotube carpets functionalized using two kinds of surface modification techniques: oxygen-plasma treatment and liquidphase silica coating. The influence of surface modification on AgNP growth, distribution, and deposition densities was studied using electron microscopy and image analysis. Results indicate that AgNP grown on plasma-oxygen-treated nanotubes (O-CNT-HOPG) yielded finer NPs, narrower size distribution, and over 250% higher particle densities compared to AgNP deposited on untreated CNT-HOPG. However, the AgNP-O-CNT-HOPG surface could not retain its wettability after the AgNP deposition step due to possible loss of hydrophilic groups from the surface during the silver deposition step. On the other hand, the AgNP-silica-CNT-HOPG surface retained its higher wettability post AgNP deposition due to the more durable (permanent) silica coating.
The influence of the AgNP distribution and wettability of these structures on antibacterial effectiveness was studied using CNT carpets on RVC supports. Two different percolation modes (filtration and rotation) were tested. In both test modes, AgNP grown on silica-CNT-RVC showed the highest E. coli deactivation rates compared to not just the AgNP-CNT-RVC sample, but the AgNP-O-CNT-RVC sample that had a higher density of AgNPs. This indicates that, in order to use these structures for the degradation of water-borne bacteria, in addition to the quantity of AgNPs, the CNT wettability and overall infiltration of water through the individual CNTs should be taken into consideration. These results provide a deeper understanding of crucial issues related to future design of fluid treatment and other devices using metallic NPs on nanotube carpets.
